To determine how taxonomic level and spatial scale affect the phylogenetic structure of species assemblages across four classes of terrestrial vertebrates.
INTRODUCTION
It has been a great challenge to reveal the ecological and evolutionary processes that drive species assembly in nature. An accumulation of phylogenetic information has allowed researchers to address this question by examining the phylogenetic structure of natural species assemblages (Webb et al., 2002) . Two main phylogenetic structures identified are phylogenetic clustering (closely related species tend to co-occur) and phylogenetic overdispersion (closely related species tend not to co-occur) relative to a null or neutral expectation. The mechanisms proposed in the literature to explain these structures include the ecological processes of environmental filtering and competitive exclusion and the evolutionary processes of speciation and extinction (Cavender-Bares et al., 2009; Cardillo, 2011). ciation and/or slow extinction rates, coupled with limited mobility, or density-dependent rates, would produce phylogenetic clustering.
Consideration of spatial scale is important for interpreting the phylogenetic structure of species assemblages because the processes driving species assembly may vary between local and regional scales (Gómez et al., 2010) . At local scales, classic niche theory emphasizes the crucial roles of environmental filters and competitive exclusion (Cavender-Bares et al., 2009 ). However, regional assembly is expected to be determined by at least three mechanisms. First, at large geographical scales, environmental filtering and interspecific interaction still affect the phylogenetic structure of species assemblages (Cardillo, 2011) . Most species distribution models and environmental niche models assume that environmental filtering determines species geographical ranges. However, the extent to which environmental filtering can be reflected in phylogenetic structure depends on the discrepancy between species fundamental and realized niches and the strength of phylogenetic signal in species realized niches (Cardillo, 2011) . Secondly, interspecific interactions, including conspecific attraction and interspecific territoriality, have been shown to affect the geographical ranges of animals (Brown et al., 2000; Gotelli et al., 2010) . Thirdly, community assembly can be affected by historical events in the form of speciation and extinction, dispersal and colonization (Ricklefs, 1987 (Ricklefs, , 2015 . Speciation and extinction rates within clades can either vary with biological traits or environments (Weir & Schluter, 2007) or be density dependent (Phillimore & Price, 2008) . Cardillo (2011) proposed that rapid speciation and/or slow extinction rates would produce a phylogenetic clustering structure at large geographical scales. Dispersal ability has been linked to geographical range size, colonization and competition of species (Kneitel & Chase, 2004) . Dispersal and colonization history also play crucial roles in community assembly. Species with similar adaptive traits tend to colonize environments at the initial stage, which results in phylogenetically clustered communities, provided the relevant traits are conserved. As more species colonize over time, species interactions become more important and phylogenetic overdispersion is expected to emerge (Emerson & Gillespie, 2008) .
The pattern of phylogenetic structure may depend on the taxonomic level at which communities are defined. Communities that are broadly defined taxonomically tend to show stronger signals of niche conservatism, while those from narrowly defined communities frequently show species interaction (Cavender-Bares et al., 2006) . For instance, Cavender-Bares et al. (2006) showed that communities including a single phylogenetic lineage, such as Quercus, Pinus or Ilex, tended to show phylogenetic overdispersion or null structure, while the inclusion of all seed plants resulted in phylogenetic clustering. Phylogenetic clustering may be dominant at higher taxonomic levels (including all species from taxa with a high rank in a taxonomic hierarchy), while phylogenetic overdispersion may be dominant at lower taxonomic levels (Cavender-Bares et al., 2006) .
To date, most studies have been conducted at local spatial scales (with a sampling area of a few hectares) and limited taxonomic groups. Notable exceptions include several studies of mammals and birds, conducted at regional scales (Lovette & Hochachka, 2006; Cooper et al., 2008; Gómez et al., 2010; Cardillo, 2011; Barnagaud et al., 2014) . Recent studies suggest that regional ecological and evolutionary processes also play very important roles in structuring species assemblage (Ricklefs, 1987 (Ricklefs, , 2015 Cardillo, 2011) . The frequencies of differing phylogenetic structures reported in the literature may be due to differences in studied taxa which differ greatly in their ecological traits, dispersal ability, life history and evolutionary history (Emerson & Gillespie, 2008; Cavender-Bares et al., 2009; Vamosi et al., 2009) . Using multiple taxa would not only help to test the consistency of phylogenetic structures across different species groups, but would also provide insight into the roles of ecological factors (e.g. thermoregulation, habitat requirements, dispersal ability, etc.) and evolutionary history (e.g. speciation, extinction, colonization, etc.) in structuring species assemblages.
In this study, we used a large set of co-occurrence data for terrestrial vertebrates in mainland China to test several questions: (1) how does phylogenetic structure (clustering, overdispersion, unstructured) of co-occurring species differ between birds, mammals, amphibians and reptiles; (2) how does phylogenetic structure vary with the taxonomic level of observation (class, order, family and genus); and (3) how do the observed phylogenetic structures depend on the spatial scale of observation?
METHODS

Study area and species co-occurrence data
Mainland China spans over 60°in longitude and 35°in latitude and mostly lies in temperate climate zones, with its south in the subtropical zone and north in the subarctic zone. Its wide coverage and the tremendous differences in climate, topography and human impact result in great variation in the composition of species assemblages and community diversity across China.
Species distribution data from four classes (Mammalia, Aves, Reptilia and Amphibia) were obtained from the China Species Information Service (CSIS) (Xie et al., 2009 ). These distribution data were compiled from many published resources including China Animal Annals for vertebrates, provincial animal annals, journal papers and survey reports from the 1920s onwards (Xie et al., 2009) . The database has up-to-date, comprehensive and detailed information on animal distribution of terrestrial vertebrates at county (n = 2153 species) and nature reserve (n = 1632 species) levels across mainland China (Mammalia = 431, Aves = 1094, Reptilia = 354, Amphibia = 274 in 2105 counties; Mammalia = 354, Aves = 905, Reptilia = 227, Amphibia = 146 in 295 nature reserves). County areas ranged from 13 to 208,000 km 2 with 75% > 1257 km 2 (Fig. 1a , c), while nature reserve areas ranged from 1 to 298,000 km 2 with 75% < 471 km 2 ( Fig. 1b, d ). The spatial scales explored here are best considered as variation within the regional scale (Gómez et al., 2010; Cardillo, 2011) . It should be noted that counties and nature reserves are likely to receive different levels of human disturb- ance. Thus, we avoid making inferences about the effects of spatial scales by comparing counties with nature reserves because human impact might be confounded with differences in spatial scale between nature reserves and counties; instead we took the approach of looking at spatial scale within either nature reserves or counties.
Co-occurrence metrics
We used two metrics based on presence-absence matrices to indicate species co-occurrence in this study. The first one is a co-occurrence index (CI) based on proportional similarity (Schoener, 1970) , CIij = 1 − 0.5Σ|pik − pjk|, where pik is the proportion of occurrences of species i in site k. The second one is a metric equivalent to a standardized version of the checkerboard score (DOI), DOIij = (pij − pipj) / pipj, where pi is the proportion of sites where species i occurs and pij is the proportion of sites where species i and j co-occur (Hardy, 2008) . Higher values of CI and DOI indicate a higher probability of co-occurrence, and lower values indicate the opposite. Using these two indices would make our results conservative in detecting the phylogenetic structures, since high Type 1 errors have been suggested to occur in previous studies (Kembel, 2009) .
Phylogenetic distance of paired species
The phylogenetic distance of paired species was calculated from up-to-date global genetic supertrees constructed in previous studies. The supertrees for mammals and amphibians were provided by Fritz et al. (2009) and Pyron & Wiens (2011) , respectively. The supertree for birds was constructed using phylogeny subsets tools (http://birdtree.org/) (Jetz et al., 2012) . The proportions of species included in these phylogenetic supertrees in the dataset were as follows: Mammalia = 417/431, Aves = 886/ 1094, Amphibia = 155/274 in counties and Mammalia = 338/ 354, Aves = 693/905, Amphibia = 96/146 in nature reserves. We found no available supertree for the whole class Reptilia, and instead we used a supertree of order Squamata that allowed us to analyse its phylogenetic pattern from order to genus levels. We note that updating phylogenetic information for specific species may give different values of phylogenetic distance, but this might have a minor influence on our main results considering the large dataset we used.
Identification of phylogenetic structure
Identification of phylogenetic structures was conducted for species belonging to the four classes separately. There are two main categories of methods for measuring community phylogenetic structure (Kembel, 2009 ). The first is to measure the relatedness of species occurring together in samples (Webb et al., 2002; Villalobos et al., 2013) , and the second is to measure the correlation between the co-occurrence and phylogenetic distance of paired species (Cavender-Bares et al., 2004; Hardy, 2008) .
The first category of methods are direct approaches to compute a phylogenetic structure of the community within a sample site or region, and include Webb's net relatedness index (NRI), which is a continuous measure of phylogenetic clustering or overdispersion. Its raw or relative variations rather than threshold values are useful measures of assemblage structure. NRI has the advantage of reflecting the phylogenetic structure of species within a sample area, but it has two limitations. First, at lower taxonomic levels (e.g. genera), the sample size (species number) in a county or nature reserve would probably be too small to test the significance of the phylogenetic structure, which may be why it has seldom been used for studying the effects of taxonomic level in the literature. Second, the significance test of NRI needs to define a species pool based on some geographical area surrounding the focal assemblage, and the choice of species, although believed to reflect different evolutionary scenarios, largely affects the frequency of phylogenetic structures (Cardillo, 2011) .
In this study, following previous work (Cavender-Bares et al., 2006; Hardy, 2008; Kembel, 2009) , we studied phylogenetic structure by measuring the correlations between species co-occurrence metric and phylogenetic distance of paired species. The approach has a direct ecological connection to pairwise species coexistence by measuring the species co-occurrence probability in space. The sample size of this approach for a given species pair is determined by sampling sites (i.e. the number of counties in this study), not limited by the number of species in each assemblage. Thus, this approach has the advantage of reflecting the differences in phylogenetic structure across different taxa, and can easily be used for studying both taxonomic level and spatial scale (see Cavender-Bares et al., 2006) . The significance of the correlation coefficient was judged at P < 0.05 by ranking it with those from 999 null models. Among previously proposed null models, the randomization of community matrices while fixing row and column sums has been given most credibility (Gotelli, 2000; Kembel, 2009 ). We applied this null model using a fast and unbiased algorithm (curveball algorithm) for large community matrices (Strona et al., 2014) . Based on null model analysis, we classified different outcomes as phylogenetic clustering (C) for significant negative correlations between phylogenetic distance and species co-occurrence metrics, phylogenetic overdispersion (O) for significant positive correlations or unstructured (U) for nonsignificant correlations. Our method combining distance-based metrics (CI and DOI) and the null model randomizing speciesby-site matrix in the current study was chosen after reviewing the relevant literature (Gotelli, 2000; Hardy, 2008; Kembel, 2009; Strona et al., 2014) . All analyses were performed using R v.3.1.1 (R Development Core Team, 2013).
Testing the effects of taxonomic level and spatial scale on phylogenetic structure
To test the effects of taxonomic level, we examined phylogenetic structures by separating assemblages of species across spatial scales, classes, orders, families and genera. Then we summarized the frequencies of the three phylogenetic structures (clustered versus overdispersed versus null patterns) at the taxonomic level of order, family or genus from four classes, and compared the frequency of the phylogenetic structures among them to test the effects of taxonomic level.
To test the effects of spatial scale, we first measured the phylogenetic structure of taxa from counties and nature reserves separately; second, we measured the phylogenetic structure of taxa in counties or nature reserves with different area levels. We divided counties or nature reserves into four levels (Q1-Q4) according to their area using the quantile function in R (for counties, Q1-Q4 = 0.013-1.257, 1.258-1.984, 1.985-3.349, 3.35-207.975, respectively; for nature reserves, Q1-Q4 = 0.001-0.061, 0. 062-0.192, 0.193-0.471, 0.472-298, respectively ; all areas in 1000 km 2 ). Because there were too few species from some taxa to perform analysis, we restricted analyses to those with at least eight species (see 'Sample size' in Table S1 in the Supporting Information). We also measured the phylogenetic structure of taxa in counties or nature reserves with all area levels as comparison (defined as 'All' spatial scales hereafter).
The analyses described above provided data on phylogenetic structures of different taxa from four classes at various taxonomic levels and spatial scales. Because the frequency of phylogenetic overdispersion is too low in many categories, which gives unstable statistical inference in logistic regressions (Hosmer & Lemeshow, 2004) , we downgraded the results to 'clustering' versus 'not clustering' . We applied generalized linear models (GLMs) to evaluate the factors (including main and pairwise interactive effects) in affecting the frequency of phylogenetic clustering. The response variable was a binary variable indicating presence/absence of phylogenetic clustering, and the predictor category variables included the class (including Mammalia, Aves, Reptilia and Amphibia), taxonomic level (including order, family and genus levels), spatial scale (data from 'All' or Q1-Q4 spatial scales were modelled separately) and site (including county and nature reserve). Inferences about their effects on the frequency of phylogenetic clustering were based on the best-fitting models selected by the corrected Akaike information criterion.
RESULTS
Phylogenetic structures in terrestrial vertebrates
At the class level, all correlations between species co-occurrence metrics (CI and DOI) and phylogenetic distance were significantly negative (P = 0.001-0.028) for data from all counties or nature reserves (Fig. 2, Table S2 in Supporting Information). Considering spatial scales Q1-Q4 separately did not change the overall pattern. These results suggest that phylogenetic clustering was consistently observed in co-occurring species at the class level.
GLMs showed significant effects of class (Mammalia, Aves, Reptilia and Amphibia) on the frequency of phylogenetic clustering (Table S3 ). When phylogenetic structures of multiple taxonomic levels and spatial scales were pooled for four classes, we found that the proportion of clustering patterns reflected by CI ranked as Reptilia (63%) > Amphibia (62%) > Mammalia (56%) > Aves (32%) at the county level. At the nature reserve level, the proportion of clustering patterns reflected by CI ranked as Amphibia (83%) > Aves (44%) > Reptilia (33%) > Mammalia (26%) (Fig. 3 , Tables S4 & S5) . Similar results were found using DOI, except for the rank of Reptilia (Table S4 , Fig. S1 ). Hence, overall, amphibian and reptile assemblages were phylogenetically clustered more frequently than mammals and birds.
Effects of taxonomic level on phylogenetic structures
At the order, family and genus levels, a large proportion of clustering (C) and unstructured (U) patterns were observed, and only a small proportion of cases were overdispersed (O) (Fig. 3 , Tables S5 & S6 ). GLMs showed significant effects of taxonomic level (order, family and genus) on the proportion of phylogenetic clustering (Table S3 ). The pooled proportion of clustering patterns showed the rank of order > family > genus (for co-occurrence metric CI; respectively 61%, 43%, 31% at county level and 70%, 32%, 29% at nature reserve level; results were similar for DOI; see Table S6 ). The proportion of unstructured patterns showed the opposite rank, with order < family < genus (for CI, respectively 35%, 48%, 62% in at county level and 30%, 66%, 71% at nature reserve level; similarly for DOI; se Table S6 , Fig. S1 ). These results suggest that at higher taxonomic levels a higher proportion of phylogenetic clustering was observed.
Effects of spatial scale on phylogenetic structures
Spatial scale (county versus nature reserve; Q1-Q4) did not significantly affect the frequency of phylogenetic clustering (see h Figure 2 Relationship between co-occurrence (CI) probability and phylogenetic distance of pairwise species at county (a) and nature reserve (b) level, smoothed by cubic smoothing splines. The relationship between co-occurrence (CI) and phylogenetic distance for Reptilia is missing because a phylogenetic supertree is not available for the whole class of Reptilia. Figure 3 The proportion (%) of phylogenetic patterns (using co-occurrence index, CI) summarized by four classes of Aves, Mammalia, Amphibia and Reptilia (a) and taxonomic levels of order, family and genus (b) at different spatial scales (All and Q1-Q4) within counties or nature reserves (NR). Similar results were obtained using the standardized version of checkerboard score (DOI) (Fig. S1 ). C, phylogenetic clustering; O, phylogenetic overdispersion; U, unstructured pattern; Q1-Q4, representing four spatial scales (from small to large) defined by the area of counties or nature reserves. Table S3 ). For co-occurrence metric CI the pooled proportion of clustering structures were 25% for Q1, 28.6% for Q2, 40.4% for Q3 and 32.4% for Q4, at the county level, with equivalent figures of 26%, 25%, 23% and 32% for quartiles at the nature reserve level (see results for DOI in Table S6 ). These results suggest that the effect of spatial scale is minor within regional scales.
DISCUSSION
Phylogenetic structures and underlying driving forces
Recent regional studies of animals have raised novel hypotheses for explaining phylogenetic structure (Cardillo, 2011) , but a thorough examination in multiple taxa and at multiple spatial scales is lacking. For the first time we investigated the phylogenetic structure in four classes of terrestrial vertebrates at multiple spatial scales and taxonomic levels. We provide clear evidence that at regional scales, phylogenetic clustering is predominant among different classes, taxonomic levels and spatial scales, while overdispersion is rare. Birds and mammals showed less frequent clustering patterns than amphibians and reptiles.
The extent to which frequent clustering patterns were observed also increased with taxonomic level (genera to orders), but did not vary with spatial scale. Our results suggest that the ecological and evolutionary processes in regional species assemblages are different from those in local-scale assemblages (Cardillo, 2011) . That we frequently observed phylogenetic clustering but rarely observed overdispersion at regional scales can be well explained by environmental filtering and/or evolutionary processes. It is generally believed that closely related species compete for similar resources at local scales, which often results in overdispersion (Keddy & Weiher, 1999) . While the large area covered by regional scales would allow coexistence of closely related species through the inclusion of more diverse habitats, closely related species tend to also have similar abiotic determinants, resulting in similar geographical ranges and a high probability of co-occurrence.
High phylogenetic clustering could also be caused by a high speciation rate and low extinction rate (Cardillo, 2011) . It is suggested that species with larger geographical ranges speciate faster and loss of area increases extinction rates (Rosenzweig, 2001) . Human impacts have been extensive in China, and local extinction rates of species may be high, but our data showed frequent phylogenetic clustering which might not be explained by the high speciation-low extinction hypothesis. Alternatively, the speciation and colonization rate may also influence the regional assembly processes. In China, there are many large mountains and rivers which might limit the spatial spread of species, and consequently colonization rates. A low colonization rate may cause new species to arise near to their closely related ancestors, which would result in more phylogenetic clustering patterns.
In our study we found a high proportion of unstructured patterns. A lack of structure might result from neutral processes, phylogenetic niche lability (niche conservatism by phylogenetic force versus ecological divergence favoured by natural selection) or a lack of phylogenetic resolution (Losos et al., 2003; Hardy & Senterre, 2007) . We adopted two co-occurrence metrics and a null model that fixed frequency and site and thus should control Type 1 error rates (Gotelli, 2000; Kembel, 2009 ). We also made our detection on the phylogenetic structures conservative. However, we cannot exclude the possibility of higher Type 2 error rates (Kembel, 2009) ; thus unstructured patterns could result from either weak or no phylogenetic signal or from neutral community processes. In general, we found more frequent unstructured patterns at lower taxonomic levels (families and genera) than at higher ones (orders and classes). This was probably caused by the difference in sample size (number of pairwise species) between higher and lower taxonomic levels. It would be more difficult to detect significant phylogenetic patterns at lower taxonomic levels with a smaller sample size, and also the range of phylogenetic variation (equivalent to effect size in a statistical test) is smaller at lower taxonomic levels.
Phylogenetic structures of terrestrial vertebrates
The observed high probability of unstructured phylogenetic patterns in terrestrial vertebrates matches many previous studies conducted at regional scales (Losos et al., 2003; Cardillo et al., 2008; Cardillo, 2011) , which suggest that additional factors besides phylogenetic distance influence species assemblages. We also found a high level of phylogenetic clustering in mammals, which is inconsistent with the dominant phylogenetic unstructured patterns of global island mammal assemblages found by Cardillo et al. (2008) . Cardillo (2011) and Cooper et al. (2008) found frequent unstructured patterns and phylogenetic overdispersion in carnivores and squirrels at global and continental scales, while these two taxa showed phylogenetic clustering in our study. This difference implies that the mechanism structuring species assemblages may be different between global and regional scales. Alternatively it may be because of geographical variation between China and other regions; this needs further investigation. The higher level of clustering than overdispersion observed in birds in our study is consistent with the results for birds at the scale of zoogeographical region, which was suggested to result from sympatric and parapatric speciation under environmental constraints (Barnagaud et al., 2014) . Previous studies found that wood warblers (at multiple 39.4-km transects) in North America and antbirds (at ecoregion scales) in Amazonian forests predominantly showed unstructured and overdispersed phylogenetic structures (Lovette & Hochachka, 2006; Gómez et al., 2010) . However, more phylogenetic clustering was found in tropical hummingbird communities of Ecuador in sampling areas of 0.07-25 km 2 (Graham et al., 2009) . The reasons for the differences among studies in birds may be complex; for instance low niche conservatism (Gómez et al., 2010) , repeatedly shifting geographical ranges induced by climate cycles (Lovette & Hochachka, 2006) or human alteration of distributions.
To our knowledge there have been no studies examining the difference in phylogenetic structures between four classes of terrestrial vertebrates. We found that reptiles and amphibians tended to have more phylogenetic clustering patterns than birds and mammals. These patterns are consistent with differing strengths of environmental filtering among these groups. One possible explanation is that environmental filtering might have stronger effects on heterotherms like reptiles and amphibians than homeotherms like birds and mammals. Distribution ranges of heterotherms are more influenced by climate (such as temperature and water availability) than that of homeotherms (Sunday et al., 2012) . Homeotherms like mammals and birds also have more flexibility in activity periods (both daytime and seasonal) than amphibians and reptiles (Hut et al., 2012) . Broad differences among vertebrate taxa in environmental effects, behaviour, dispersal and evolutionary history merit further study in relation to phylogenetic structure.
Effects of the taxonomic level
Previous studies of local plant communities suggest that phylogenetic structure shifts from overdispersion to clustering when taxonomic levels increase (Cavender-Bares et al., 2006) . The general pattern was suggested to reflect a reconciliation of contradictory results driven by niche conservatism and species interactions in local communities (Cavender-Bares et al., 2006) . By using a wider range of taxa in animals at regional scales we also found the frequency of phylogenetic clustering increased with taxonomic level, but found no obvious change of overdispersion patterns with taxonomic level. Therefore, our results only partly support the observation from plant local communities (Cavender-Bares et al., 2006) . The absence or rare overdispersion patterns seen at the taxonomic levels in our study may be because at a regional scale closely related species have a high probability of coexisting within a large sample area although they are less likely to coexist within a sample area at a local scale. Provided there are phylogenetic signals in species traits and habitat preference, it can be hypothesized that increasing taxonomic or phylogenetic scale leads to increasing conservatism because traits within clades are less variable than traits among clades, while density-dependent species interaction should be more intense among close relatives within clades (Cavender-Bares et al., 2009) . Thus, our results could imply that lower and higher taxonomic levels might show a changed signal of phylogenetic niche conservatism but not apparently strengthen or reduce the signal of species interaction in structuring animal assemblages. Alternatively, the relatedness and sample size (number of pairwise species) at lower taxonomic levels was small, thus the probability of detecting the significant phylogenetic pattern would become smaller. Our results suggest that taxonomic level also affects the probability of observing particular phylogenetic patterns.
Effects of spatial scale
Spatial scale is another important factor in influencing phylogenetic structure (Keddy & Weiher, 1999; Cavender-Bares et al., 2006; Emerson & Gillespie, 2008; Kooyman et al., 2011) . Some studies suggest that phylogenetic clustering is more often detected at large spatial scales, and that phylogenetic overdispersion is more frequently detected at small spatial scales (Cavender-Bares et al., 2004; Emerson & Gillespie, 2008; Kooyman et al., 2011) . Conversely, there is a shift from phylogenetic overdispersion to clustering with decreasing geographical scale in antbird assemblages because niche conservatism is low (Gómez et al., 2010) . Vamosi et al. (2009) found that spatial scale of previous studies (which were mostly conducted at local scales) was not a significant predictor of phylogenetic structure. In general, we found more clustering but very few overdispersion structures at regional scales, contrary to many studies in which overdispersion was common at local scales. However, within regional scales, we found only a minor effect of spatial scale (from Q1 to Q4), which is consistent with the observation in Carnivora by Cardillo (2011) . Assuming the probability of phylogenetic overdispersion shifting to clustering along a continuum of spatial scales (Fig. S2 ), these results demonstrate that a difference exists between local and regional scales but that the spatial scale within each of local or regional scales has little effect, suggesting that spatial scale from local to regional scales may have a strong nonlinear effect.
Species assemblages of larger regional scales are expected to show more evidence of phylogenetic clustering because speciation rate increases sharply with area (Losos & Schluter, 2000) and extinction is slowed down because large regions accommodate large populations (Purvis et al., 2005; Cardillo, 2011) . Under dispersal limitation, a larger spatial scale contains more species that diverge from one ancestral taxon, which would exhibit phylogenetic clustering. In this study, we noted that the environmental differences between counties and nature reserves might interfere with spatial scale, thus the effect of spatial scale on the frequency of phylogenetic structure was mainly inferred from the tests of areas of levels Q1-Q4 within nature reserves or counties. However, we found little evidence for spatially dependent change of phylogenetic structure.
Environmental heterogeneity is expected to be important in maintaining species co-occurrence within a given area (Kneitel & Chase, 2004) , and may affect phylogenetic structure. In our study, the sampling area of different administrative regions or nature reserves varies to a large extent. The larger the sampling area, the larger the spatial heterogeneity of the environment would be within that space (Cavender-Bares et al., 2006) . In general, we found that sample area (Q1-Q4 in nature reserves or counties) had little effect on the observed frequency of phylogenetic structures. Our results suggest that heterogeneity is not important in affecting the observed frequency of phylogenetic structure at regional scales.
CONCLUSION
In a growing number of studies on the phylogenetic structure of co-occurring species, phylogenetic patterns serve as proxies for community assembly processes that link evolution, habitat filtering and functional trait dispersion (Emerson & Gillespie, 2008; Gerhold et al., 2015) . Compared with local communities, the mechanism structuring regional-scale assemblage may include in addition to ecological processes the macroevolutionary processes of speciation and extinction (Cardillo, 2011) . Our study at regional scales indicates that phylogenetic clustering and unstructured patterns were much more frequent than phylogenetic overdispersion in Chinese terrestrial vertebrates at multiple taxonomic levels and (regional) spatial scales. The higher degree of phylogenetic clustering in co-occurring amphibians and reptiles than mammals and birds is consistent with stronger environmental filtering and/or a low colonization rate. Taxonomic level, instead of spatial scale, exhibited a major effect on the probability of phylogenetic structures being observed. Our results suggest that environmental filtering, speciation relative to extinction or colonization may be the major driving forces for community assembly at regional scales. Future efforts should undertake to quantify functional traits of animals and incorporate them into analyses of phylogenetic structure. There is also a pressing need for studies of the co-occurrence patterns and phylogenetic structure of terrestrial vertebrates at small spatial scales.
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